Signal generation from semiconductor detectors has been modeled considering incomplete charge signal due to the charge trapping within a detector as well as to the ballistic deficit caused by insufficient charge collection time. The analytical formalism was experimentally confirmed with the charge collection efficiency of a planar mercuric iodide ͑HgI 2 ͒ detector. The developed model is useful for the characterization of detector material properties such as the mobility and the lifetime, as well as the optimization of operation conditions such as the applied bias and the charge collection time. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2191742͔
1
In addition, as an alternative of the conventional amorphous selenium ͑a-Se͒ that has a substantially high electron-hole pair creation energy, finding photoconductive materials is a great issue in large-area digital x-ray imaging. HgI 2 and lead iodide ͑PbI 2 ͒ are attractive candidates.
2 Nevertheless, the compound semiconductor suffers from incomplete charge collection with a large fluctuation due to trapping-detrapping of charge carriers, which gives rise to poor energy resolution in the gamma-ray spectroscopy and to an image lag in the digital x-ray imaging. Nemirovsky derived a model of charge collection in semiconductor gamma-ray spectrometers by using statistical approach. 3 For the applications to x-ray photoconductors, Zahangir Kabir and Kasap derived a charge collection model by analytically solving the continuity equation of charge carriers considering deep traps. 4 For a higher sensitivity, CZT crystals as gamma-ray spectrometers with volume larger than 2 cm 3 and HgI 2 and PbI 2 polycrystalline films as x-ray photoconductors with thicknesses greater than 500 m are recently available. Since the output signal from a detector is only proportional to the charge collected during a time interval equal to the collection time, a mismatch of the transit time of charge carriers with the charge collection time causes an additional signal loss, which is well known as the ballistic deficit. For thick detectors, the ballistic deficit becomes a major signal loss in the slower charge carrier collection because of its low drift mobility and long transit time. Figure 1 shows pulseheight spectra obtained from a 57 Co source using a HgI 2 detector having a thickness of 1 mm for various shaping times of the linear amplifier. The applied bias to the detector was fixed at 900 V. The increase of pulse height or collected charges is clearly observed as the shaping time increases. Therefore, it is important to estimate signal generation or charge collection in compound semiconductors for the better design in terms of the geometry ͑e.g., the thickness͒ and the operation condition ͑e.g., the applied bias͒. In this Letter, the conventional charge collection model has been extended to account for the ballistic deficit.
The charge collection in a planar semiconductor detector is described by the well known Hecht equation, in which the incomplete charge collection is handled by the simple deeptrapping approximation and the concept of mean lifetime. We apply the Hecht equation to the case of a distributed charge generation through a detector by the incident photon radiation in a direction perpendicular to the electrodes. Total induced charge at the external circuit for a given detector thickness L and a charge integration time C , is given by integrating the induced current due to n 0 charges generated at an initial position x 0 : Co source using the HgI 2 detector having a dimension of 10ϫ 10ϫ 1 mm 3 for various shaping times of the linear amplifier. The applied bias to the detector was fixed at 900 V. Relative energy resolutions for 122-keV photon peak are indicated in the graphs.
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where the subscript j designates the corresponding charge carrier, viz., e and h for the electron and hole, respectively. and describe the mobility and the lifetime of the charge carrier, respectively. q is the electronic charge and V is the applied bias voltage. We can then estimate the charge collection efficiency as
where Q col and Q gen are the collected and generated charges, respectively. The transit time larger than the charge collection time causes a ballistic deficit. In such cases, some of the charges are regarded as fully collected charges whereas the others are not, see Fig. 2 . However, it is important to note that the charges other than the fully collected still contribute to the induced charge ͑or signal͒ by the drift motion during the charge collection time. This fractional signal contribution should be considered by identifying the location of the nonfully collected charges.
Let us consider the charge collection when photons are incident to the negatively biased electrode as described in Fig. 2͑a͒ . Several parameters concerning the transit time of charge carriers can be defined such as the full electron transit time T e = e L / e , the electron transit time t e = e ͑L − x͒ / e , the full hole transit time T h = h L / h , and the hole transit time t h = h x / h . Here, j is the drift length ͑or Schubweg, j j F͒ for the charge carrier of j, and F is the electric field intensity. When C is larger than both T e and T h , the collected charges are
where ⌳ e − ϵ e / ͑ − e ͒ and ⌳ h + ϵ h / ͑ + h ͒. is the inverse of a linear attenuation coefficient. The total collected charge is then the sum of Eqs. ͑4͒ and ͑5͒ and which is exactly identical to the statistical derivation given by Nemirovsky for wide band gap semiconductor gamma-ray spectrometers 3 and the analytical expression derived by Zahangir Kabir and Kasap for x-ray photoconductors. 4 In the case that C Ͻ T e , some of electrons never reach x = L. Although these electrons are not collected at x = L, it definitely contributes the output signal because of their drift motions. The boundary position distinguishing these electrons is given by
Therefore the collected electrons can be expressed by 
where
In the similar manners, we can calculate the charge collection when photons are incident onto the opposite side, i.e., the positively biased electrode as described in Fig. 2͑b͒ . The analytic expressions of the collected charges are
In order to confirm the developed charge collection model, we measured charge collection efficiency of a HgI 2 detector. The configuration of the detector is simple planar geometry. Since the detector has asymmetric transport characteristics between the charge carriers and typically the electron has a longer mean drift length than the hole, the radiation-receiving electrode was negatively biased during all measurements. A 57 Co source was used as a probe to measure the charge collection efficiency of the detector. The signal pulse was shaped with a wide range of shaping time ͑0.5-30 s͒. With the material parameters of e e = 1.8 ϫ 10 −4 cm 2 / V and h h = 2.0ϫ 10 −6 cm 2 / V, the estimated charge collection efficiencies with respect to the applied bias and the collection time are shown in Fig. 3 . The developed analytical model gives excellent agreement with the measurements.
In summary, a simple analytical model has been developed to estimate the signal generation in semiconductor detectors. In addition to the conventional deep-trapping approximation for the incomplete charge collection, the model accounts for the ballistic deficit. So it is very useful to characterize semiconductor materials with large variation in charge collection time of carriers. 
